The lithium-rich Li[Li 0.2 Ni 0.13 Mn 0.54 Co 0.13 ]O 2 nanoplates were synthesized using a molten-salt method. The nanoplates showed an initial reversible discharge capacity of 233 mA·h·g −1 , with a fast capacity decay. The morphology and micro-structural change, after different cycles, were studied by a scanning electron microscope (SEM) and transmission electron microscopy (TEM) to understand the mechanism of the capacity decay. Our results showed that the cracks generated from both the particle surface and the inner, and increased with long-term cycling at 0.1 C rate (C = 250 mA·g −1 ), together with the layered to spinel and rock-salt phase transitions. These results show that the cracks and phase transitions could be responsible for the capacity decay. The results will help us to understand capacity decay mechanisms, and to guide our future work to improve the electrochemical performance of lithium-rich cathode materials.
Introduction
Since the introduction of rechargeable lithium-ion batteries to the consumer market in the early 1990s, material researchers have paid an increasing interest in efforts to improve the electrochemical performance of lithium-ion batteries [1] [2] [3] [4] [5] . The development of cathodes has greatly increased over the past decades, along with the need for high energy and power densities, long cycle life, and safety [6, 7] . Traditional layered oxide [8, 9] , spinel compounds [10, 11] , and olivine compounds [12] are already successfully commercialized. However, the limited practical capacity of cathodes (<200 mA·h·g −1 ) restricts their further application for next generation batteries.
Recently, Li-rich layered oxide materials, composed of layered Li[Li 1/3 Mn 2/3 ]O 2 (generally denoted as Li 2 MnO 3 ) and LiMO 2 (M = Ni, Co, Mn, and other transition metal ions), have attracted much attention because of their high capacities (~250 mA·h·g −1 ) and high specific energies (≈900 Wh·kg −1 ) [13] . The Li 2 MnO 3 component can stabilize the cathode structure and deliver large capacity at the initial charge plateau (4.4-4.6 V), wherein the lithium ions extract from the bulk structure concomitant with the release of oxygen (net loss of Li 2 O) [14] [15] [16] . Unfortunately, issues such as oxygen release, low initial Coulombic efficiency, poor rate performance, voltage fade, and capacity decay with cycling, restrict their commercial application [17] [18] [19] [20] [21] . Many research efforts, such as surface modification, atomic substitution, and optimization of synthesis strategies, have been pursued to improve the electrochemical performance of the Li-rich compounds. However, the problems remain unsolved in regards to the commercial application of these cathodes [13] .
In order to understand the failure mechanism of the Li-rich cathode materials, various analytical techniques have been used, and it has been argued that the phase transitions are responsible for the failure [22] [23] [24] [25] . Studies have shown that the removal of lithium ions from layer structure cathodes causes cation mixing between transition metal ions and lithium ions. This mixing results in the phase transformation from layered to spinel and rock-salt structure, and leads to the instability of the Li-rich materials structure [21, 24, [26] [27] [28] [29] . Zheng et al. have also observed the phase transformation from layered to spinel and rock-salt structure by aberration-corrected scanning transmission electron microscopy (STEM) [24] . Gu et al. have presented more detailed results by transmission electron microscopy (TEM). After hundreds of cycles, disoriented spinel domains are formed along with porosity and cracks in Li-rich particles [30, 31] [25] . However, the prelithiation, and its related microstructural defect, are not commonly applied in battery working conditions. A more detailed and robust understanding of the crack phenomenon, and the phase evolution in the area around the cracks, will facilitate a better understanding of the failure mechanism of Li-rich materials and help researchers to find approaches that improve the electrochemical performance.
Synthesis strategies greatly affect the electrochemical behavior of electrode materials. Molten-salt method was applied to synthesize Li-rich crystals with high phase purity, and different morphologies can be achieved. Among which, the plate samples show an excellent electrochemical performance. The Li-rich Li [Li 0.2 Ni 0.13 Mn 0.54 Co 0.13 ]O 2 nanoplates were synthesized by a molten-salt method. An automated argon ion polishing system was used to section the pristine and long-term cycled cathodes. The crack formation and the micro-structure change around the crack were studied by a scanning electron microscope (SEM) and by transmission electron microscopy (TEM). The cracks were observed and the layered to spinel and rock-salt phase transitions were also found after long-term cycles.
Experimental Section

Materials Preparation
The Li[Li 0.2 Ni 0.13 Mn 0.54 Co 0.13 ]O 2 cathode was synthesized using a molten-salt method, which is commonly used to prepare transition-metal oxides with high pure phase [33] . All reagents (Alfa Aesar) were used as purchased. First, Mn(NO 3 ) 2 ·4H 2 O (27 mmol), Co(NO 3 ) 2 ·6H 2 O (6.5 mmol), Ni(NO 3 ) 2 ·6H 2 O (6.5 mmol), and LiNO 3 (63 mmol, 5 mol % excess) were stoichiometrically mixed with KCl (transition metal ion: KCl = 1:2 in molar ratio) into 25 mL of ultrapure water. The solution was heated at 80 • C under agitation to remove the water. Following this, the mixture was transferred into an alumina crucible with a lid, heated to 850 • C at a rate of 3 • C min −1 , and kept at a high temperature for 12 h. Finally, the Li[Li 0.2 Ni 0.13 Mn 0.54 Co 0.13 ]O 2 powder was obtained through washing with ultrapure water and then drying in a vacuum oven overnight at 80 • C.
Characterization
The structural analysis of the as-prepared powder was carried out using X-ray diffraction (XRD, Bruker D2) with a Cu Kα radiation source (λ 1 = 1.54060 Å, λ 2 = 1.54439 Å) over a 2θ range of 10 to 80 • with a step size of 0.02 • . The source voltage and current were 30 kV and 10 mA, respectively. The morphology and elements distribution of the samples was observed by field-emission scanning electron microscopy (FE-SEM, Regulus-8230, Hitachi, Tokyo, Japan) equipped with an energy dispersive spectrometer (EDS)-mapping (X-Max Extreme, Oxford-Instruments, Abingdon, UK). The pristine and cycled electrode samples for cross-section SEM observation were prepared by an automated argon ion polishing system (PECS II System model 685, Gatan, Pleasanton, CA, USA) with an ion-gun beam energy of 5 KeV. The high-resolution transmission electron microscopy (HR-TEM) measurements were performed by transmission electron microscopy (TEM, JEM-2100, JEOL, Tokyo, Japan).
Electrochemical Measurements
For the evaluation of electrochemical performance, the electrodes were fabricated with a mixture of as-prepared material powder (80%), acetylene carbon black (10%), polyvinylidene (PVDF) (10%) to generate a slurry, using N-methyl-2-pyrrolidone (NMP) as a solvent. The slurry was then coated onto an aluminum foil and dried in a vacuum oven overnight at 100 • C. Lithium foil and Celgard 2500 polypropylene membrane served as anode and separator, respectively. For the electrolyte, 1.2 M LiPF 6 in ethylene carbonate (EC) and dimethyl carbonate (DEC) (1:1 in volume) was used. The cell components were assembled in the form of CR2032 coin cells in an argon-filled glovebox (Mbraun, UNIlab). The cells were cycled between 2.0 and 4.8 V vs. Li/Li + at 0.1 C rate (C = 250 mA·g −1 ) in a constant current charging (CC) mode for electrochemical characterization. The charge and discharge data were gathered from the battery measurements system (CT2001, Lanhe) at room temperature.
Results and Discussion
The morphology of the as-prepared Li [ Figure 1a , most of the particles displayed a plate-like shape with an average diameter of between 400 to 800 nm. The chemical composition was confirmed by energy-dispersive X-ray (EDX) spectroscopy analysis, which indicated that the particles contained elements of Ni, Mn, and Co. The molar ratio of Ni, Mn, and Co was 0.14:0.53:0.13, which approximated to the designed ratio of 0.13:0.54:0.13. X-ray diffraction was used to determine the material structure, and the collected pattern is shown in Figure 2a . The major diffraction peaks of the as-prepared sample were sharp, indicating high crystallinity. All the peaks can be indexed into the hexagonal α-NaFeO 2 structure with space group R3m [34] . The splitting (006)/(012) and (018)/(110) peaks in the sample clearly indicate that the sample had a highly ordered hexagonal layered structure. The weak peaks, around the 2θ range of 20 to 25 • belong to the superstructure reflections caused by the existence of the lithium ions and transition metal (TM) ions ordered in the TM layer [35] . The ratio of I (003) /I (104) could be used to measure the degree of the cation mixing among layered lithium metal oxide. The value of I (003) /I (104) in the as-prepared sample was 1.8, higher than 1.2, indicating that the as-prepared sample had a low degree of the undesirable cation mixing [36] . Furthermore, Figure 2b shows the TEM image of the sample. Figure 2b shows that the particle presented a plate shape, and no fragmentation can be observed, as suggested by the SEM results. All the results indicated that pure phase Li-rich layered cathode material with plate shape was obtained by the molten-salt method. [37] . The~4.5 V plateau was not seen during the first discharge and the second charge. The initial charge and discharge capacities were 313.1 and 233.4 mA·h·g −1 , with an initial coulombic efficiency of 74.56%. The low initial coulombic efficiency may be ascribed to the large size particles. [38] [39] [40] . Dahn et al. have showed that both particle size and synthesis method may influence the electrochemical performance of electrode materials [41] . As shown in Figure 3 , the average voltage of the discharge curve decreased continuously during the cycle, which is the so-called voltage fade phenomenon for Li-rich cathodes. The discharge capacity also decreased during the cycle. It retained 79.43% of its initial capacity after 50 cycles, but the capacity underwent a sudden drop and the coulombic efficiency became volatile after that. After 100 cycles, the capacity retention ratio was only 17.2%. To understand the mechanism of voltage fade and capacity decay of the Li-rich materials on the particle plane, the cross-sectional morphology of the electrodes after different cycles were detected by SEM. As shown in Figure 4a , all particles in the pristine sample were intact and no crack can be seen. After 10 cycles (Figure 4b ), cracks were found in several particles. With the increasing cycles, the cracks increased in both number and size (Figure 4c,d after 60 and 100 cycles) , some particles even became pulverized, leading to the formation of fragments. The cracks not only formed at the particle surface, but also the particle inner. Similar results have been reported by Yan et al. during their research on LiNi 1/3 Mn 1/3 Co 1/3 O 2 . Their results suggest that this was a consequence of a dislocation-based crack incubation mechanism [42] . The cracks and the associated phase change are considered to be the main reason for the failure of LiNi 1/3 Mn 1/3 Co 1/3 O 2 and LiNiO 2 at high-voltage usage [42, 43] . The crack may result from the non-uniform volume change and the generated stress upon lithium ion extraction and reinsertion. During the charge process of layered oxides, Li ions were extracted from the lattice, which caused lattice expansion along the c direction, and shrinkage along the a and b directions, and the reverse process was seen during discharge. In-situ XRD on Li 1.2 Co 0.1 Mn 0.55 Ni 0.15 O 2 indicated that, during the first cycle, the layered materials underwent an anisotropic structure change. In the first charge process, the c-lattice parameter expanded from 14.27 Å to about 14.43 Å, while the a-lattice shrank from 2.85 Å to about 2.83 Å [29] . The expansion and shrinkage of lattice parameters induced significant strain on the Li-rich layered materials. The cycled samples were observed to investigate the crystal structure change around the cracks. The TEM images for the particles after 10 cycles are shown in Figure 5 . Figure 5a ,b demonstrate that a crack was generated from the particle surface to the bulk. Figure 5c exhibits the selected area electron diffraction (SAED) pattern of cycled particle bulk according with the layered R3m diffraction spots with the (421) axis, which indicated that the particle mainly kept the layered structure. As shown in Figure 5d , a spinel phase generated in the crack near the particle surface was observed. The lattice fringes from the HR-TEM and spots from the FFT pattern indicated interplanar distances of 0.47, 0.28, and 0.41 nm, belonging to the (111), (202), and (020) planes of LiMn 2 O 4 -type spinel phase. These results indicate that the bulk structure maintained the layered phase and the crack was generated with the phase transformation from layered to spinel in the crack vicinity. Along with crack formation and growth upon cycling, the particle surface underwent a layered to spinel phase transformation, accompanied by the release of oxygen from the structure. After 100 cycles, the cracks increased to a larger size scale. The cracks led to the generation of new sites for surface phase transformation, corrosion, and side reactions, consequently accelerating cell degradation. HR-TEM image of region I is shown in Figure 6d . It clearly exhibits lattice fringes with an interplanar distance of between 0.21 and 0.245 nm, belonging to the (040) and (222) planes of rock-salt phase, respectively. The fast Fourier transform (FFT) result showed a representative pattern of a rock-salt structure with the (101) axis, which is different from the results obtained from particles after 10 cycles (Figure 5d ), where the spinel reflections were observed. These results confirm that the spinel phase transforms to a rock-salt phase in the vicinity of cracks [44] , which has been suggested as one of the main origins for the voltage fade of Li-rich cathode materials during long-term cycling. 
Conclusions
Li[Li 0.2 Ni 0.13 Mn 0.54 Co 0.13 ]O 2 nanoplates were synthesized through a molten-salt method. As a cathode material for lithium-ion batteries, it showed an initial discharge capacity of 233 mA·h·g −1 and suffered from capacity fading with a capacity loss of 20% after 50 cycles and 83% after 100 cycle, respectively. The cracks, along with phase transitions from layered to spinel and rock-salt phase, were observed after long-term cycling, which could be responsible for the capacity decay. 
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